Jellyfish modulate the energy fluxes between compartments of aquatic ecosystems and the period that energy remains within each compartment. However, the contribution of different sources of organic matter (OM) to the production of most estuarine jellyfish species is unknown. Therefore, this study aimed to identify and quantify the putative sources of OM for Blackfordia virginica (Cnidaria, Hydrozoa) Mayer, 1910 in two temperate estuaries, based on the analyses of carbon and nitrogen stable isotope ratios. Zooplankton was the main source of OM assimilated by B. virginica in both Mira and Guadiana estuaries. However, particulate organic matter (POM) also contributed to B. virginica biomass, up to 26 and 37% in Mira and Guadiana estuaries, respectively. The POM pool was apparently comprised by terrestrialderived OM, as based on stable isotope ratios and C:N POM . Terrestrial-derived OM is an undescribed carbon source for estuarine jellyfish. Our results support a working hypothesis stating that terrestrial-derived OM might support good physiological condition of B. virginica during periods of low metazooplankton abundance, through a detritusbased microbial food web transformation. Subsequent studies on trophic pathways ought to evaluate the temporal contribution of autochthonous and allochthonous OM and its consequences, accounting for the connectivity across ecosystems (terrestrial-estuarine-marine) and the interactions within compartments (pelagic-benthic).
I N T R O D U C T I O N
Jellyfish blooms change the functioning of aquatic ecosystems through a series of cascading effects which impact a wide variety of physical, chemical and biological processes in pelagic and benthic domains (Pitt et al., 2007; Glibert et al., 2011; Chelsky et al., 2016) . For example, jellyfish can exert a top-down control upon planktonic communities, either directly (e.g. ingestion of copepods, fish eggs and larvae; Purcell and Arai, 2001; Cao et al., 2014) or indirectly (e.g. the jelly blubber Catostylus mosaicus induced the formation of a bloom of the heterotrophic dinoflagellate Noctiluca scintillans by eliminating one of its competitors; Pitt et al., 2007) . Jellyfish also release significant amounts of labile colloidal and dissolved organic carbon (DOC), affecting planktonic microbial communities and DOC pathways (Hansson and Norrman, 1995; Condon et al., 2011; Zoccarato et al., 2016) . Jellyfish is also preyed on by several vertebrate species, including fishes (Marques et al., 2016) and turtles (Carman et al., 2014) , and carrion may be consumed by carnivorous gastropods and decomposed by benthic microbes which affect benthic biogeochemistry (Chelsky et al., 2016) . Thus, jellyfish act as intermediates between lower and upper trophic levels in aquatic food webs (Boero et al., 2008) , regulating the fluxes of organic matter (OM) between the pelagic and benthic compartments (Chelsky et al., 2016) .
Studies based on gut-content analysis showed that the jellyfish diet is diverse, usually described as ranging from zooplankton to small fish (Mills, 1995; Purcell and Sturdevant, 2001; Boero, 2013; Tilves et al., 2016) . Complementary analytical techniques, such as stable isotopic analyses, have also been used to investigate jellyfish trophic ecology, but the zooplankton-jellyfish trophic link is the one that has been repeatedly explored (Malej et al., 1993; D'Ambra et al., 2013; Fleming et al., 2015) . Indeed, only a few studies have recognized the importance of other food items, such as protistoplankton, including eukaryotic phytoplankton and phagotrophic protists (Stoecker et al., 1987a,b; Båmstedt, 1990; Arai, 1997; Morais et al., 2015) , and detritus (Fukuda and Naganuma, 2001; D'Ambra et al., 2013) . For example, protistoplankton and detritus accounted for up to 80% and 9%, respectively, of the gut contents of Blackfordia virginica (Cnidaria, Hydrozoa) Mayer, 1910 in the Mira estuary (Portugal) (Morais et al., 2015) .
Blackfordia virginica is invasive in several estuaries across the world, including Asia (Bombay Harbor-Thana and Bassein Creek estuarine complex; Santhakumari et al., 1997) , Europe (Gironde; Nowaczyk et al., 2016; Guadiana; Chícharo et al., 2009; Mira; Marques et al., 2015) , and North America (San Francisco; Mills and Rees, 2000) .
However, its native range is not agreed upon, some authors suggesting that it is native from the Black Sea (Mills and Sommer, 1995) or the Northwest Atlantic (Zaitsev and Oztürk, 2001) . Blackfordia virginica has a high dispersal potential and withstands a broad range of environmental conditions (Moore, 1987) . The density of medusa peaks during summer (Bardi and Marques, 2009) , and the maximum abundance, ever reported, was of 1689 ind.m −3 in the Mira estuary (Portugal) . Temperature, salinity, photoperiod and dissolved oxygen concentration may trigger the formation of blooms, which also depends on the standing stock of polyps that reproduce asexually (Wintzer et al., 2011) . The capacity of B. virginica to form protracted blooms is associated with their feeding behavior, as a non-selective zooplankton predator, feeding primarily on the most abundant naupliar stages and adults of copepods (Mills and Sommer, 1995; Wintzer et al., 2013; Marques et al., 2015) . However, gut-content analysis of B. virginica from the Mira estuary revealed a diversified diet, including protistoplankton and detritus, which could support a good physiological condition and sustainable growth even during periods of reduced zooplankton abundance (Morais et al., 2015) . However, the consumption of protistoplankton and detritus do not imply that these items are assimilated by B. virginica.
Thus, this study aimed to identify and quantify the putative OM sources contributing to the biomass of B. virginica. Carbon (C) and nitrogen (N) stable isotope ratios ( N) of B. virginica tissues and their potential OM sources were analyzed in two estuaries, the Mira and Guadiana estuaries (Portugal), where abundant populations of this species are frequently present Marques et al., 2015) . The isotopic content of consumer tissues represents a timeintegrated estimate of the available food sources that were effectively assimilated and incorporated into their structural components and energy reserves (Peterson and Fry, 1987) , thus identifying trophic relationships, including those not detectable through traditional dietbased studies (Fry, 2006) .
M E T H O D Study sites and sampling methodology
Mira and Guadiana estuaries are located in southern Portugal (Fig. 1) , a region characterized by a Mediterraneanclimate with river flow fluctuations regulated by rainfall events and dam management . Sampling occurred in September 2015 at Casa Branca (Mira estuary, 37°39′58″N, 8°43′13″W) and Foz de Odeleite (Guadiana estuary, 37°21′13″N, 7°26′27″W), both within the estuarine turbidity maximum zones.
Two sub-surface (0.5 m depth) zooplankton samples and B. virginica were collected by horizontal tows with a conical plankton net (0.4 × 1.6 m, 200 μm mesh size) equipped with a Hydro-Bios flow meter. One sample was preserved in a 70% ethanol solution for stable isotope analysis, and the other in formaldehyde (4%) for taxa identification and estimation of zooplankton biomass. Two sub-surface replicate water samples were collected to determine chlorophyll a concentration (Chl a, in μg L −1 ), and the isotopic and elemental composition of particulate OM (particulate organic carbon (POC) δ 13 C, particulate nitrogen (PN) δ 15 N, molar C:N). Terrestrial, riparian and aquatic vegetation, detritus deposited in the estuarine margins, and sediment OM (SOM) were hand-collected and preserved frozen (−20°C) until analyses. The plant samples collected were those that were most widely available at each sampling site.
Laboratory analyses
Chl a and particulate organic matter (POM) water samples were pre-filtered with a 150 μm sieve and then filtered through pre-combusted Whatman GF/F filters (500°C for 2 h), and kept frozen (−20°C) until analyses. Chl a was extracted using 90% acetone, the absorbance quantified in a spectrophotometer, and the concentration calculated following the spectrophotometric method of Lorenzen (1967) . Filters for POM analysis were fumigated with concentrated HCl to remove inorganic carbonates and dried at 60°C for 24 h (Lorrain et al., 2003) . Sediment samples were rinsed with 10% HCl (also to remove carbonates) and dried at 60°C for 48 h. Vascular plants were cleaned with deionized water, dried (60°C), and ground to a fine powder with a mixer mill for stable isotope analysis.
Zooplankton specimens were sorted, identified, grouped by the lowest taxonomic level feasible, and dried (60°C) for subsequent isotopic analyses. Zooplankton biomass (ZB, in mg DW m where DV is the zooplankton displaced volume (in ml) in a graduated cylinder after sieving the sample (Harris et al., 2000) , and VWF is the volume of water filtered (in m −3 ) during the plankton tow. Stable isotope ratios were measured using a Thermo Scientific Delta V Advantage IRMS via Conflo IV interface (Marinnova, University of Porto). Stable isotope ratios are reported in δ notation (eq. 1)
where X is the C or N stable isotope, R is the ratio of heavy:light stable isotopes, and Pee Dee Belemnite and air are standards for δ 13 C and δ 15 N, respectively. The analytical error, the mean standard deviation of replicate reference material, was ±0.1‰ for δ 13 C and δ 15 N. Pooled samples were analyzed for zooplankton and also for B. virginica to attain the minimum weight required for isotopic analyses. Zooplankton samples were pooled by group (i.e. Calanoida, Cirripedia larvae, nauplii Copepoda, Decapoda larvae, Gastropoda larvae, Ostracoda, Polychaeta larvae). B. virginica samples collected in the Guadiana estuary were pooled due to their reduced size and biomass (n = 4), and not for specimens collected in the Mira estuary (n = 15).
Data analyses
Zooplankton and B. virginica δ 13 C data were corrected for ethanol preservation (+0.4‰ δ 13 C, +0.6‰ δ 15 N; Feuchtmayer and Grey, 2003) , and for lipid content because lipids are depleted in 13 C compared to proteins and carbohydrates (DeNiro and Epstein, 1977) , according to the mass balance correction model of Smyntek et al. (2007; equation 5) . The most likely OM sources supporting B. virginica production were identified using δ 13 C and δ
15
N biplots, where B. virginica δ 13 C and δ 15 N average values were compared with those of the potential OM sources. The contribution of the different sources of OM to B. virginica biomass was quantified by a dual-isotope stable isotope mixing model, which uses Bayesian inference to solve the indeterminate equations (more than n + 1 sources relative to n stable isotopes), producing a probability distribution that represents the likelihood a given source contributes to the consumer biomass (Stable Isotopes in R -SIAR; Parnell et al., 2010) . The δ 13 C and δ 15 N values were adjusted for one trophic level using the trophic enrichment factors (TEFs) estimates from Vander Zanden and Rasmussen (2001). However, because B. virginica is omnivorous (Morais et al., 2015) , different TEF values were assigned according to the origin of the OM source (plant vs. animal) (Vander Zanden and Rasmussen, 2001) .
Differences in the δ 13 C and δ
N content of B. virginica between the Mira and Guadiana estuaries were assessed with a t-test, after confirming data normality and heteroscedasticity (Sokal and Rohlf, 2012) . All statistical analyses were considered with the significance level set at 0.05. (Fig. 2) . Despite the differences in δ 15 N isotope ratio, this does not imply that B. virginica had different feeding behavior in these estuaries, or using different sources of OM. Zooplankton was the most important source of OM to B. virginica biomass in both estuaries. Indeed, these estuaries are productive ecosystems as indicated by the concentration of Chl a and zooplankton biomass (Mira-10.9 μg Chl a L ). Some of the most abundant zooplankton taxa were among the highest contributors to B. virginica biomass (Table I ) both in the Mira (up to 62% for Calanoida, dominated by Acartia tonsa, and 64% for Polychaeta larvae) and Guadiana estuaries (up to 48% for Calanoida, dominated by A. tonsa, 46% for Cirripedia, and 45% for Decapoda) (Fig. 3) . Previous studies have also emphasized the relevance of metazooplankton for the diet of B. virginica (Wintzer et al., 2013; Marques et al., 2015) and other carnivorous jellyfish species (Purcell and Sturdevant, 2001; Boero et al., 2008; D'Ambra et al., 2013) .
R E S U L T S A N D D I S C U S S I O N
POM was a complementary source of OM for B. virginica in both estuaries (Mira-up to 26%; Guadiana up to 37%) (Fig. 3) . This finding supports a previous hypothesis that POM might contribute to sustaining estuarine jellyfish blooms, especially during periods when the abundance of zooplankton already started to decline (Morais et al., 2015) . POM potentially includes a wide variety of organic particles, including authocthonous and allocthonous detritus, phytoplankton, and phagotrophic protists. However, the δ
13
C POM values in both Mira (δ 13 C: −27.4 ± 0.7‰) and Guadiana estuaries (δ 13 C: −27.9 ± 0.3‰) were relatively close to the δ 13 C values of C3 terrestrial plants, including riparian vegetation, and lower than the values typically reported for estuarine phytoplankton (−26‰ < δ 13 C < −18‰; Cloern et al., 2002; Hoffman and Bronk, 2006; Bouillon et al., 2011; Dias et al., 2016) , suggesting that the contribution of plant detritus to POM. Since freshwater phytoplankton usually have lower δ 13 C values (<−30‰; Cloern et al., 2002; Hoffman and Bronk, 2006) , their contribution to POM should not be neglected. Indeed, during downstream transport along the estuary, stenohaline freshwater phytoplankton species are subjected to marked salinity changes, and usually lyse due to osmotic stress (Lancelot and Muylaert, 2011) .
Moreover, the C:N ratios of POM (C:N POM ) in Mira (12.7 ± 0.1) and Guadiana estuaries (15.1 ± 7.4) indicate that terrestrial-derived OM was an important contributor to the POM pool (C:N > 10 Hedges et al., 1986 Hedges et al., , 1997 ). The C:N POM values were distinctly lower than the values commonly reported for terrestrial vegetation and marine vascular plants (C:N ratio > 25; Hedges et al., 1986; Valiela, 1995; Hedges et al., 1997; Cloern et al., 2002) , and slightly higher than C:N ratios usually reported for planktonic microbes (C:N ratio < 11; Valiela, 1995; Cloern et al., 2002) , namely under medium to high nitrogen availability (C:N ratio < 8; Golz et al., 2015) . Indeed, these results could partially reflect the contribution of allochthonous detritus derived from freshwater phytoplankton, as previously mentioned. However, a relative increase in the nitrogen content of refractory material derived from terrestrial detritus is commonly related to the influence of microbial transformation by heterotrophic prokaryotes and fungi. In fact, bacteria-rich detritus, with low C:N ratios and associated bacterivores, could effectively change the elemental stoichiometry of POM and increase their lability and quality (Cole et al., 2006; Lopez and Levinton, 2011) . The relatively low C:N ratio could also reflect the result of bacterial uptake of plant-derived DOC, and its ingestion by bacterivores (e.g. phagotrophic protists; Berggren et al., 2010) . However, the relevance of this trophic pathway will vary between ecosystems, probably with a lower contribution in Mediterranean-climate ecosystems where significant inputs of terrestrial-derived OM is less frequent, and/or in ecosystems with low residence time.
There are no reports of jellyfish species feeding proactively on DOC or terrestrial vegetation; yet, they can ingest bacterivorous phagotrophic protists, such as ciliates (Stoecker et al., 1987a,b; Båmstedt, 1990; Arai, 1997; Morais et al., 2015) . Thus, our data possibly reflect the trophic transference of allochthonous terrestrial-derived OM to B. virginica mediated by a detritus-based microbial food web. The use of detritus was already reported for B. virginica (Morais et al., 2015) and other jellyfish species (D'Ambra et al., 2013) . Moreover, the possibility of a diet supply via a detritus "food chain", and a shift between a diatom-based food web (diatom to mesozooplankton) to a detritus-based food web (macroalgal detritus to microzooplankton), were previously inferred for Aurelia aurita in Seto Island Sea (Japan) using fatty-acid dietary markers (Fukuda and Naganuma, 2001 ).
This study is, to the best of our knowledge, the first to report the use of terrestrial-derived OM by estuarine jellyfishes. The impacts of this subsidy on the diet and bioenergetics of B. virginica, or any other jellyfish medusa, are still unknown. Terrestrial-derived OM does not contribute significantly to individual growth of most metazoan consumers (Lopez and Levinton, 2011) . However, we hypothesize that the contribution of terrestrial-derived OM to the bioenergetics of B. virginica is probably higher due to the low C:N POM ratios of terrestrial-derived detritus. The relative contribution of the different POM components in the Mira and Guadiana estuaries is unknown. However, the contribution of terrestrialderived OM is probably enhanced during late-summer due to the high water residence time that allows the accumulation of allochthonous detritus which is metabolized/ assimilated by heterotrophic prokaryotes. Moreover, B. virginica is usually present in the estuarine turbidity maxima zone in both estuaries, a domain with a high residence time (Wolanski et al., 2006; Morais et al., 2012) . Overall, this study proposes that jellyfish short-circuit the microbial pathway at a lower trophic level than previously considered, since terrestrial-derived OM metabolized by microbial food web components seem to complement the nutritional requirements of estuarine jellyfish. Thus, in addition to the classic diatom-based pathway integrating carnivorous jellyfish (phytoplankton ⇨ metazooplankton ⇨ jellyfish; Boero, 2013) , and the detritus-based pathway (macroalgal detritus ⇨ microbes ⇨ phagotrophic protistoplanktonton ⇨ jellyfish; Fukuda and Naganuma, 2001 ), a complementary pathway supported by allochthonous sources of OM and mediated by the microbial food web must be included in trophic pathway models mediated by jellyfish (Fig. 3) .
The three pathways mentioned above are not mutually exclusive, although one can prevail over the others depending on ecosystem hydrodynamics, habitat geomorphology, and availability of potential food items. The sources of OM available for jellyfish vary over time and are used differently along the species life cycle (Fleming et al., 2015) . So, a temporal component must be included into the trophic pathways associated with estuarine jellyfish species. Finally, estuarine ecological models must be reassessed to include the contribution of different components of POM to jellyfish species, including phytoplankton, phagotrophic protists, and allochthonous OM, thereby integrating connectivity across ecosystems (terrestrial-estuarine-marine) and interactions within ecosystem compartments (pelagicbenthic) (Fig. 4) .
C O N C L U S I O N
Metazooplankton were the main source of assimilated OM by B. virginica in both Mira and Guadiana estuaries, as revealed by stable isotopic analyses. However, terrestrial-derived OM was also assimilated by B. virginica. This new trophic pathway is likely mediated by a detritusbased microbial food web, which can support jellyfish growth and good physiological condition even during periods of low metazooplankton availability. 4 . Scheme of the trophic pathways where estuarine jellyfish intervene. Jellyfish may consume and incorporate into their biomass four main sources of OM: detritus (with autochthonous and allochthonous origin), phytoplankton and phagotrophic protistoplankton (protistoplankton), which all three form the POM, and metazooplankton. A detritus-based microbial food web likely mediates the transference of terrestrial-derived detritus to jellyfish. Fish might prey estuarine jellyfish, and benthic invertebrates consume jellyfish carrion, which is also decomposed by benthic microbes. Jellyfish also release labile colloidal and DOC, affecting planktonic microbial communities.
